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ABSTRACT
Active Galactic Nuclei (AGNs) emit substantial fluxes of high-energy electromagnetic radiation,
and have therefore attracted some recent attention for their negative impact on galactic habitability.
In this paper, we propose that AGNs may also engender the following beneficial effects: (i) prebiotic
synthesis of biomolecular building blocks mediated by ultraviolet (UV) radiation, and (ii) powering
photosynthesis on certain free-floating planets and moons. We also reassess the harmful biological
impact of UV radiation originating from AGNs, and find that their significance could have been
overestimated. Our calculations suggest that neither the positive nor negative ramifications stemming
from a hypothetical AGN in the Milky Way are likely to affect putative biospheres in most of our
Galaxy. On the other hand, we find that a sizable fraction of all planetary systems in galaxies with
either disproportionately massive black holes (∼ 109−10M) or high stellar densities (e.g., compact
dwarf galaxies) might be susceptible to both the beneficial and detrimental consequences of AGNs,
with the former potentially encompassing a greater spatial extent than the latter.
1. INTRODUCTION
Active Galactic Nuclei (AGNs) are among the most
luminous objects in the Universe (Rees 1984; Antonucci
1993; Krolik 1999). They originate from the accretion
of matter onto supermassive black holes (SMBHs) and
can emit electromagnetic radiation at rates close to the
maximum equilibrium value, the so-called Eddington
luminosity.1 Our theoretical and observational under-
standing of AGNs has progressed considerably over the
past couple of decades (Ferrarese & Ford 2005; Ho 2008;
Heckman & Best 2014; Netzer 2015; King & Pounds
2015; Padovani et al. 2017; Hickox & Alexander 2018).
In contrast, their impact on habitability and putative
extraterrestrial biospheres has remained comparatively
unexplored, with some exceptions delineated below.
Clarke (1981) was probably the first to propose that
cosmic rays emitted by a hypothetical AGN may explain
the apparent absence of complex extraterrestrial life in
the Milky Way. Laviolette (1983, 1987) argued, on a
related note, that the Galactic center has been sporadi-
cally active on timescales of ∼ 104 years, thus emitting
high fluxes of energetic electrons (up to 105 times the
background value) leading to abrupt changes in Earth’s
climate and potential mass extinctions. Gonzalez (2005)
reviewed the role of AGNs in regulating habitability, and
Corresponding author: Manasvi Lingam
manasvi.lingam@cfa.harvard.edu
1 In actuality, our analysis applies to black holes at the centers
of galaxies, which are not always “supermassive” (& 105M) in
nature. However, for the sake of brevity, we employ the notation
SMBHs henceforth for all central black holes.
pointed out the possibility that the X-ray fluxes at the
Earth arising from a hypothetical AGN in the Milky
Way could be comparable to that contributed by the
active Sun; this result is also consistent with the subse-
quent analysis by Amaro-Seoane & Chen (2014).
A number of recent studies have been devoted to ex-
amining the effects of electromagnetic radiation emit-
ted by AGNs on habitability.2 A large fraction of the
radiation from AGNs is emitted as X-rays and ultravio-
let (XUV) photons that can heat planetary atmospheres
and enhance the rates of atmospheric escape. A detailed
analysis by Forbes & Loeb (2018) concluded that ∼ 10%
of all planets in the Universe could have lost as much at-
mospheric mass as that of the Earth’s atmosphere. If the
SMBH at the center of the Milky Way, Sagittarius A*
(Eckart et al. 2017), emitted radiation close to the Ed-
dington limit, Balbi & Tombesi (2017) determined that
planets . 1 kpc from the AGN are susceptible to losing
atmospheric mass equivalent to Earth’s atmosphere (see
also Wis locka et al. 2019). Furthermore, this study also
proposed that putative extraterrestrial organisms might
suffer damage due to XUV radiation at sub-kpc scales.
On the other hand, at distances . 20 pc, Chen et al.
(2018) found that AGNs could have a beneficial effect by
stripping sub-Neptunes of thick hydrogen-helium atmo-
spheres that are uninhabitable, thereby converting them
into rocky super-Earths. Note, however, at these dis-
tances, the X-ray fluxes emitted by AGNs are apprecia-
2 While AGNs are indubitably important in this regard, their
contribution to the deleterious radiation budget at any cosmic
epoch is potentially a couple of orders smaller compared to radi-
ation from supernovae (Dayal et al. 2016).
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2ble (Gonzalez 2005), owing to which many recent stud-
ies of galactic or cosmic habitability have posited that
only planets located & 10-100 pc from active SMBHs are
conducive to sustaining life (Dayal et al. 2016; Gobat &
Hong 2016; Stanway et al. 2018).
Hitherto, most of the analyses have been dedicated to
exploring the negative consequences of AGNs for hab-
itability. Our purpose in this paper is twofold. First,
we will explicate some of the positive consequences as-
sociated with AGNs (during the quasar phase) for the
synthesis of prebiotic compounds (Section 2), as well as
enabling photosynthesis on free-floating planets up to a
certain distance from the SMBH (Section 3). Second,
we will revisit the negative effects of AGNs on biota in
Section 4 by accounting for some crucial factors that
were not considered explicitly in prior work. In both
cases, we will suppose that the planets under consider-
ation have sufficiently thick atmospheres to avoid being
completed eroded due to AGNs.3
2. ULTRAVIOLET FLUXES FOR PREBIOTIC
CHEMISTRY
We examine the critical distance over which AGNs can
stimulate prebiotic chemistry as well as the timescales
over which these reactions could occur. Henceforth, we
operate under the premise that the UV radiation from
the AGN is not strongly attenuated by the dusty torus
surrounding the AGN (Urry & Padovani 1995; Hickox &
Alexander 2018), as well as dust and gas in the cores of
galaxies. In analyzing the impact of AGNs on habitabil-
ity, Balbi & Tombesi (2017) argued that this assumption
may not be particularly problematic when dealing with
X-rays and UV radiation because the ensuing results
must be lowered by an extra factor of exp (−τ), where
τ is the optical depth that obeys τ . 1. Hence, our re-
sults might be altered only by a factor of order unity in
this scenario, owing to which we shall proceed without
explicitly incorporating this correction.
2.1. Critical galactic distance for prebiotic chemistry
The bolometric luminosity (L) of AGNs is modeled as
L ≈ 1.3× 1038 erg s−1 εEdd
(
MBH
M
)
, (1)
where MBH denotes the mass of the SMBH and εEdd
is the Eddington ratio. We leave εEdd unspecified for
the time being, but its value is typically close to unity
during the quasar phase (Marconi et al. 2004; Aird et al.
2018). It must be noted, however, that Eddington ra-
tios of εEdd ∼ 0.01-0.1 have been documented for several
AGNs (Lusso et al. 2010; Steinhardt & Elvis 2010; Heck-
man & Best 2014; Mezcua et al. 2018) and εEdd & 10 is
3 Needless to say, in the absence of an atmosphere, much of our
subsequent discussion will be rendered inapplicable.
also possible (Sakurai et al. 2016; Collinson et al. 2017;
Begelman & Volonteri 2017; Woods et al. 2018).
However, we are not interested in the bolometric lu-
minosity, but in the fraction ηOL (OL denotes origin
of life) of radiation that is emitted in the wavelength
range 200 < λ < 280 nm. This is because laboratory
experiments pertaining to “cyanosulfidic metabolism”
(Sutherland 2016, 2017) - a reaction network that yields
the precursors of amino acids, nucleic acids, and lipids
from a common set of reactants under potentially plau-
sible geochemical conditions - have been conducted in
this regime (Patel et al. 2015; Xu et al. 2018). There-
fore, the energy flux ΨOL in the above wavelength range
received by an object is
ΨOL ≈ ηOLL
4pid2
, (2)
with d representing the distance of the object from the
AGN. In deriving this formula, we have modeled the
emission as being isotropic, but this represents an ide-
alization because of the dusty torus around the AGN
(Urry & Padovani 1995), as noted earlier, that can break
the assumption of spherical symmetry. We calculate ηOL
by making use of the spectral energy distribution pre-
sented in Vasudevan & Fabian (2009, Figure 1). We find
that ηOL ≈ 2.1 × 10−2. Note that the spectral energy
distribution behaves roughly as a power-law with expo-
nent −1 at lower photon energies (Vasudevan & Fabian
2009; Balbi & Tombesi 2017).
Next, we make use of the fact that a minimum energy
flux is necessary for UV-mediated prebiotic reactions in-
volving sulfur dioxide as the stoichiometric reductant to
dominate over “dark” reactions that take place in the
absence of UV light (Rimmer et al. 2018). Following
Rimmer et al. (2018, Equation 33), we find that the pho-
ton number flux must exceed the threshold of 5.44×1012
photons cm−2 s−1. In order to convert this into the
energy flux, we note that the energy of an individual
photon only varies by a factor of 1.4 across this wave-
length range. Therefore we treat the photon energy as
being approximately constant over this range by making
use of the arithmetic mean of the two energies, namely,
E¯UV = 8.5 × 10−12 erg. Hence, the critical energy flux
translates to Ψc ≈ 46.3 erg cm−2 s−1. The correspond-
ing distance (dO) at which Ψc is attained is calculated
from (2). After simplification, we end up with
dO ≈ 2.2× 10−2 pc ε1/2Edd
√
MBH
M
. (3)
We have plotted dO as a function of the mass of the
SMBH in Figure 1.
If we choose εEdd ≈ 1 and MBH ≈ 4× 106M based
on the mass of Sagittarius A* (Genzel et al. 2010; Boehle
et al. 2016), we obtain dO ≈ 44 pc. Such a value may
appear too small for contributing significantly to pre-
biotic synthesis in our Galaxy. However, note that the
3stellar density in central regions is very high. Using
the Nuker model for the stellar density profile near the
Galactic center (Scho¨del et al. 2018), we find that as
many as ∼ 108 stars might be enclosed within this re-
gion.4 Moreover, the average distances between stars
are usually on the order of 104 to 105 AU (i.e., com-
parable to the Oort cloud) close to the Galactic center,
thereby making it much more easier for the exchange
of prebiotic compounds and possibly microorganisms as
well (Chen et al. 2018; Ginsburg et al. 2018).
Perhaps more importantly, the masses of SMBHs vary
widely. The masses of some SMBHs in the Universe,
such as the one residing in NGC 4889 (McConnell et al.
2012), are ∼ 104 times higher than Sagittarius A*. The
compact lenticular galaxy NGC 1277 might constitute
another example (van den Bosch et al. 2012); see, how-
ever, Graham et al. (2016). For such galaxies, the value
of dO would be raised by roughly two orders of magni-
tude with respect to the Milky Way. In general, the mass
of the SMBH and the stellar mass of the host spheroid
(bulge) or the galaxy are proportional to each other
(Ha¨ring & Rix 2004; McConnell & Ma 2013), but this
plot is characterized by considerable scatter (Ferrarese
et al. 2006; Fabian 2012; Beifiori et al. 2012; Graham
2016). In this context, note that the M -sigma relation-
ship used to infer MBH may break down for low-mass
galaxies, as they are anticipated to host under-massive
central black holes (Pacucci et al. 2018; Nguyen et al.
2019). Hence, apart from certain exceptions discussed
below, the spatial extent of the zone for prebiotic chem-
istry will be suppressed for low-mass galaxies due to the
much lower values of MBH .
5 For example, if we consider
the low-mass galaxy NGC 205 withMBH ≈ 6.8×103M
(Nguyen et al. 2019), we end up with dO ≈ 1.8 pc for
the canonical choice of εEdd = 1 after using (3).
Most of the observed galaxies with anomalously high
SMBH masses may have ended up as outliers due to a
combination of tidal stripping and early formation times
(Barber et al. 2016; Volonteri et al. 2016; van Son et al.
2019). When it comes to certain compact dwarf galaxies,
it is plausible that a sizable fraction (perhaps approach-
ing ∼ 0.1) of their stars and planetary systems could
lie within d ≤ dO. The ultra-compact dwarf galaxy
(UCD) M60-UCD1 appears to constitute one such spe-
cific example. Using MBH ≈ 2.1 × 107M for this
galaxy (Seth et al. 2014), we obtain dO ≈ 100 pc. In
contrast, its effective radius is only 24 pc (Seth et al.
2014), thereby indicating that a substantial fraction of
its planetary systems will ostensibly lie within the re-
gion d ≤ dO. While M60-UCD1 represents an extreme
4 The total number of stars in the Milky Way is on the order
of 1011; thus, the number in the central region is comparatively
small, but not altogether negligible.
5 This conclusion is also broadly applicable to the zones for
photosynthesis (Section 3) and biological extinctions driven by
UV radiation (Section 4).
case of a UCD, it nevertheless underscores our earlier
point because these galaxies typically possess effective
radii on the order of 10 pc (Brodie et al. 2011).6
2.2. Timescales for prebiotic chemistry
If we accept the premise that AGNs can stimulate pre-
biotic chemistry, we are confronted with an important
question: how long are they active? Theoretical models
indicate that the characteristic lifetime might be well-
approximated by the Salpeter time, i.e. the timescale
over which the mass of the SMBH is approximately dou-
bled under the assumption of Eddington-limited accre-
tion. The Salpeter time (tS) is independent of the black
hole’s mass (Shen 2013), and is expressible as
tS ≈ 4.5× 107 yrs
(
1
εEdd (1− BH)
)(BH
0.1
)
, (4)
where BH is the radiative efficiency that is often ap-
proximately equal to 0.1 (Coppi 2003). If we spec-
ify εEdd ∼ 0.5, we find that the Salpeter time is on
the order of 108 yrs; note that accretion timescales as
high as ∼ 109 yrs have been obtained for some mod-
els (Trakhtenbrot et al. 2017). This result is consistent
with more sophisticated analyses that have yielded an
average AGN lifetime of ∼ 4.5 × 108 yrs provided that
MBH < 10
8M and ∼ 1.5×108 yrs for MBH > 108M
(Marconi et al. 2004); in some instances, a total lifetime
of ∼ 109 yrs for the active phase is feasible.
The earliest unambiguous evidence for life on Earth
is attributable to carbon isotopic (δ13C) signatures and
stromatolite-like structures from the Isua supracrustal
belt in west Greenland that date to 3.7 Ga (Pearce et al.
2018), but other ambiguous signatures have been dated
to 4.1-4.3 Ga (Bell et al. 2015; Dodd et al. 2017).7 Thus,
based on empirical evidence, we can say with some de-
gree of confidence that life originated within 8× 108 yrs
after the Earth became habitable with the possible up-
per bound being as small as ∼ 2 × 108 yrs. Based on
geological considerations, some authors have proposed
that the origin of life may have required only 107 to 108
yrs (Oberbeck & Fogleman 1989; Lazcano & Miller 1994;
Lingam & Loeb 2017a) although these arguments have
been critiqued by others (Orgel 1998).
An abiogenesis timescale on the order of 108 yrs is
also seemingly consistent with recent phylogenetic anal-
yses that favor life’s emergence shortly after the Moon-
forming impact at ∼ 4.5 Ga (Betts et al. 2018); on the
other hand, molecular clocks are subject to increasing er-
rors as one moves toward earlier epochs. Yet, even if life
6 Recall, however, that UCDs are suspected to represent the
tidally stripped remnants of galaxies with masses on the order of
109M (Ahn et al. 2017); it is not entirely clear whether UCDs
can host AGNs after having evolved to this state.
7 Note that 1 Ga is the conventional nomenclature for one billion
yrs ago (i.e., 1 Gyr ago).
4actually did take . 108 yrs to originate on Earth, there
is no guarantee a priori that it would take the same
time elsewhere (Spiegel & Turner 2012). Nonetheless,
based on the evidence we have to date, the timescale of
AGN activity might suffice to initiate UV-driven prebi-
otic chemistry and pave the way for abiogenesis on some
planets resembling Hadean Earth.
3. POWERING PHOTOSYNTHESIS
As light represents an abundant source of energy, it
is not surprising that organisms evolved photosynthesis
early in the evolutionary history of Earth (Knoll 2015;
Knoll & Nowak 2017). The majority of carbon fixation,
i.e., the biological synthesis of organic compounds from
inorganic carbon sources, on Earth presently takes place
via oxygenic photosynthesis that is accompanied by the
release of O2 as a product (Field et al. 1998). Given that
AGNs emit copious fluxes of electromagnetic radiation,
it is natural to ask whether they can power photosynthe-
sis (especially oxygenic photosynthesis). Our analysis is
particularly relevant for free-floating planets (or moons)
since they do not receive radiation from the host star,
but may otherwise possess temperatures and conditions
amenable to habitability (Stevenson 1999; Laughlin &
Adams 2000; Debes & Sigurdsson 2007; Badescu 2011;
Lingam & Loeb 2019a). Based on quasar microlens-
ing, it was recently determined that the number of free-
floating objects with sizes ranging from the Moon to
Jupiter is ∼ 2 × 103 per main-sequence star (Dai &
Guerras 2018). If we posit this ratio also applies in the
vicinity of the Galactic center, we find that ∼ 1011 free-
floating objects of this size range might exist within the
volume encompassed by d ∼ 100 pc (see Section 2).
We will therefore study how AGNs could enable the
evolution and sustenance of photoautotrophs (presup-
posing abiogenesis had already been initiated through
some pathway) on free-floating worlds as well as the
timescales associated with its emergence.
3.1. Critical galactic distance for photosynthesis
In order to estimate the range up to which AGNs can
facilitate photosynthesis, we note that the photon flux
ΨPAR at distance d is
ΨPAR ≈ ηPARL
4pid2
, (5)
where ηPAR refers to the fraction of electromagnetic ra-
diation emitted by the AGN that is suitable for pho-
tosynthesis; such radiation is known as photosyntheti-
cally active radiation (PAR). However, in order to com-
pute ηPAR, we are confronted with a couple of stum-
bling blocks. Even though the range of oxygenic photo-
synthesis is fairly well established on our planet, it re-
mains poorly constrained on other worlds (Wolstencroft
& Raven 2002; Kiang et al. 2007b). We will adopt the
slightly conservative choice of ∼ 400-1000 nm henceforth
for PAR, where the lower bound is set by the inhibition
of photosynthesis by UV radiation and the upper bound
by the energy required to split a water molecule and re-
lease O2 (Gale & Wandel 2017). The upper bound is
also consistent with certain microbes on Earth that rely
upon anoxygenic photosynthesis (Kiang et al. 2007a); in
anoxygenic photosynthesis, compounds other than H2O
serve as the electron donor (e.g., molecular hydrogen).
Using the data from Vasudevan & Fabian (2009), the
fraction of total electromagnetic radiation emitted in
the above wavelength range by the AGN is chosen to
be ηPAR ≈ 5.7 × 10−2. Note that several AGNs are
characterized by higher values of ηPAR that are on the
order of 0.1 (Elvis et al. 1994; Hao et al. 2014).
We observe that the photon energy only varies by
a factor of 2.5 over the range specified above, imply-
ing that it can be treated as roughly constant. Hence,
we will introduce the mean photon energy of E¯PAR ≈
3.5 × 10−12 erg for PAR. Now, in order to determine
the minimum energy flux necessary for photosynthesis,
we must know the minimum photon flux. Although the
latter is also unknown for putative extraterrestrial or-
ganisms, in principle a comparatively robust estimate
is probably set by biophysical considerations: at least
one photon must be incident on the area of the photo-
synthetic apparatus (e.g., photosystem I or II) over a
single temporal cycle involving electron transfer. The
minimum empirical bound of ∼ 6× 1011 photons cm−2
s−1 has been explained through charge recombination in
photosystem II, protein turnover and H+ leakage (Raven
et al. 2000). Therefore, combining these results, the crit-
ical PAR energy flux becomes Ψ0 ∼ 2.1 erg cm−2 s−1.
Substituting this value into (5), and solving for the cut-
off distance (dP ) yields the extent of the “photosynthesis
zone”. By doing so, dP is given by
dP ≈ 0.17 pc ε1/2Edd
√
MBH
M
. (6)
A couple of important points are worth highlighting re-
garding the above formula: (i) the net primary produc-
tivity of biospheres at these low light levels is potentially
several orders of magnitude smaller with respect to mod-
ern Earth, and (ii) photoautotrophs require not only
sufficient fluxes of photons at appropriate wavelengths,
but also reactants (e.g., CO2), nutrients (e.g., PO
3−
4 )
and electron donors (Lingam & Loeb 2018a, 2019b).
The photosynthesis zone has been plotted as a func-
tion of MBH in Figure 1. Substituting the parameters
for the Milky Way, we obtain dP ≈ 0.34 kpc. This dis-
tance is fairly “large” since it approximately equals the
scale height of the thin disk of our Galaxy. If we con-
sider black holes with masses on the order of 109−10M,
we find dP & 10 kpc. In such instances, large swathes
of galaxies would fall within the domain of the photo-
synthesis zone. As noted in Sections 2 and 4, UCDs
are characterized by very high stellar densities, indicat-
5ing that the photosynthetic zone calculated above could
also encompass most stars in these galaxies.
3.2. Timescales for the evolution of photosynthesis
Finally, we must also examine the issue of timescales.
Analyses of isotopic ratios on Earth favor the existence
of anoxygenic photosynthesis by ∼ 3.5 Ga (Tice & Lowe
2004; Olson 2006; Butterfield 2015), or possibly even
earlier; recall that we posited life had originated by& 3.7
Ga. The origin of oxygenic photosynthesis remains less
tightly constrained, with some proxies (e.g., U-Th-Pb
isotopic ratios) placing it as far back as & 3.7 Ga (Ros-
ing & Frei 2004), although unambiguous evidence from
microfossils appears to date back only to 1.9 Ga (Lyons
et al. 2014; Fischer et al. 2016). Despite this uncer-
tainty, there are multiple grounds for contending that
oxygenic photosynthesis may have evolved by & 2.7 Ga,
based on isotopic ratios, phylogenetics and microfossils
(Buick 2008; Schirrmeister et al. 2016), thus amounting
to its emergence by at least several 100 Myr prior to
the Great Oxidation Event at ∼ 2.4 Ga; see also Knoll
et al. (2016); Lingam & Loeb (2019c); Cardona et al.
(2019). In toto, it is not altogether unreasonable to sur-
mise that both anoxygenic and oxygenic photosynthesis
might have evolved over a time span ranging from 108
to 109 yrs after the origin of life on Earth.
Therefore, if one supposes that the rates of molecular
evolution and speciation are similar on other worlds, the
active phases of some SMBHs may function long enough
(Martini & Weinberg 2001; Marconi et al. 2004; Trakht-
enbrot et al. 2017) to permit the evolution of anoxygenic
photosynthesis at the minimum. Once the active phase
ends, it is plausible that the putative photoautotrophs
and their accompanying biospheres could end up becom-
ing extinct. However, the complete loss of biodiversity
is not necessarily inevitable as it ultimately depends on
the adaptability of the organisms in question.
4. HARMFUL EFFECTS OF ULTRAVIOLET
RADIATION ON BIOSPHERES
We explore the critical distance at which UV radiation
may cause damage to Earth-like ecosystems, and also
briefly discuss the effects of X-rays and gamma rays.
4.1. Critical galactic distance for UV damage
Along the lines of Section 2, we will now compute the
fluxes in the UV-A (315-400 nm), UV-B (280-315 nm)
and UV-C (122-280 nm) regimes. In order to do so, we
must determine the equivalents of ηOL that are denoted
by ηA, ηB and ηC . Henceforth, the subscripts A, B and
C correspond to the UV-A, UV-B and UV-C ranges,
respectively. The corresponding fluxes are given by
Ψj ≈ ηjL
4pid2
, (7)
where j ∈ {A,B,C}. By employing the data from Va-
sudevan & Fabian (2009), we work with ηA ≈ 1.5×10−2,
ηB ≈ 7.3 × 10−3 and ηC ≈ 5.2 × 10−2. The important
point to appreciate with respect to the above formula
is that it corresponds to the top-of-atmosphere (TOA)
fluxes. In general, the shorter the photon wavelength,
the greater the destructive effects on biota owing to the
higher energy per photon (Dartnell 2011). The delete-
rious effects associated with UV radiation include the
inhibition of photosynthesis and the damage of DNA
and other biomolecules.
To leading order, we may exclude the effects of UV-A
radiation because its propensity toward inducing car-
cinogenesis and degradation of cellular activity is much
lower compared to UV-B radiation (de Gruijl 2000;
Muela et al. 2000). Furthermore, β-carotene in land
plants and algae constitutes an effective shield against
UV-A radiation (White & Jahnke 2002). Likewise, bac-
teria are adept at mitigating the damage by UV-A radi-
ation through the formation of biofilms (Elasri & Miller
1999); see also Fro¨sler et al. (2017). This leaves us with
UV-B and UV-C radiation, thereby necessitating the
consideration of two different scenarios. Before tack-
ling them, it is helpful to discuss the impact of a hypo-
thetical AGN situated in the Milky Way on the Earth’s
biosphere insofar as UV fluxes are concerned.
By plugging in the parameters for Earth into (7),
namely d ∼ 8 kpc and MBH ≈ 4 × 106M (Boehle
et al. 2016), we find that the TOA UV fluxes are . 10−3
erg cm−2 s−1. In contrast, the corresponding TOA UV
fluxes received from modern-day Sun are on the order
of 103 to 104 erg cm−2 s−1. The same conclusion also
applies if we compare the results against the TOA UV
fluxes from the Sun at different epochs in Earth’s his-
tory ranging from 3.9 Ga to the present day (Rugheimer
et al. 2015). Hence, insofar as the Earth is concerned,
the UV fluxes from a hypothetical AGN in the Milky
Way are not expected to pose major issues to surface
biota since they are several orders of magnitude smaller
than the solar UV fluxes. We will now turn our attention
to other worlds and consider two cases.
First, we may consider a planet that has an atmo-
sphere akin to Archean Earth at ∼ 3.9 Ga. Owing to
the absence of an ozone layer, nearly all of the TOA UV-
B and UV-C fluxes are transmitted to the surface. In
this case, the impact of UV-C radiation will be commen-
surately higher relative to UV-B radiation. The surface
UV-C flux incident on the Earth’s surface during this
epoch was estimated to be approximately 871 erg cm−2
s−1 (Rugheimer et al. 2015). The fluence of UV-C ra-
diation that kills 90% of Deinococcus radiodurans, one
of the most radiation-resistant extremophiles, is around
5.5× 105 erg cm−2 (Gasco´n et al. 1995). Thus, in prin-
ciple, the majority of D. radiodurans should become ex-
tinct in ∼ 10 minutes. However, despite these very high
UV fluxes, there is clear-cut evidence of life on Earth
during the Archean as outlined in Section 2.
In view of this fact, it is evident that life can exist in
high-UV environments. A number of shielding strategies
6are feasible ranging from photochemical hazes in the at-
mosphere to subsurface environments underneath soil or
several meters below the surface of oceans (Lingam &
Loeb 2019d). In addition, complex evolutionary adapta-
tions (e.g., microbial UV sunscreens such as scytonemin,
mycosporines and melanins) also render additional radi-
ation resistance (Gabani & Singh 2013; Jung et al. 2017).
Therefore, we are led towards an important point: the
sensitivity of biota to UV fluxes from AGN depends on
the physiology of the organisms themselves. In particu-
lar, it is not unreasonable to surmise that any microbes
on planets near the Galactic center would have already
evolved to function in a high-UV environment arising
from the close proximity of supernovae, implying that
the additional inclusion of AGN-derived UV radiation
is not guaranteed to affect them adversely.
Next, we consider worlds with biospheres and atmo-
spheres resembling that of modern Earth. Due to the
presence of an ozone layer, life on Earth’s surface ex-
periences a comparatively benign UV environment. For
such worlds, the amount of UV-C radiation reaching the
planetary surface is nearly zero (Rugheimer et al. 2015).
This leaves UV-B radiation as the primary threat. It was
argued by Melott & Thomas (2011) that doubling the
background (i.e., stellar) UV-B flux at the surface would
trigger an extinction-level event because complex biota
adapted to live in otherwise temperate environments are
not equipped to handle an abrupt and substantial in-
crease in UV-B radiation.
Thus, a sufficient criterion for severe ecological dam-
age can be derived when the TOA UV-B flux con-
tributed by the AGN equals the TOA UV-B flux arising
from the host star, as this would suggest that the corre-
sponding surface UV fluxes are comparable to each other
as well. The “typical” stellar UV-B flux at the TOA is
not easy to compute, since it depends on the planet’s
location as well as the spectral type of the star (Lingam
& Loeb 2018b). However, in the case of worlds that are
similar to modern Earth, we choose a TOA UV-B flux
of 8.6 × 103 erg cm−2 s−1 (Rugheimer et al. 2015). By
using (7) along with our estimate for ηB , we obtain the
distance (dB) at which this threshold is satisfied:
dB ≈ 9.6× 10−4 pc ε1/2Edd
√
MBH
M
. (8)
In Figure 1, the above distance has been plotted as a
function of the SMBH mass.
Thus, applying this formula to the Milky Way, we
obtain dB ≈ 2 pc. As there are only ∼ 106 stars in this
volume, we see that this number is much lower than
the critical distance dO derived for prebiotic chemistry
in Section 2. If we specialize to Earth-like planets in
the habitable zone of late M-dwarfs such as Proxima
Centauri and TRAPPIST-1, we note that the UV-B flux
threshold must be roughly lowered by a factor of ∼ 4×
10−3 relative to Earth (Rugheimer et al. 2015; Ranjan
et al. 2017), implying that dB will be increased to
dB ≈ 1.5× 10−2 pc ε1/2Edd
√
MBH
M
. (9)
For the Milky Way, making use of (9) leads us to dB ≈ 30
pc. Regardless of the spectral classification of the host
star, we see that this distance is much smaller than the
scale length and height of the Milky Way. As noted
earlier, even at d ∼ dB , UV radiation from AGNs will
not necessarily cause extinction-level events since any
putative biota could already be accustomed to the high-
radiation environment near the SMBH.
It must, however, be noted that dB can become fairly
large for galaxies with SMBHs on the order of 1010M.
For such galaxies, depending on the TOA UV-B thresh-
old specified, we find that dB will be raised by as much
as two orders of magnitude relative to the Milky Way,
i.e., we have dB . 0.2-3 kpc. For an Eddington ratio
of unity, it is unlikely that this value of dB can be ex-
ceeded, since the maximal mass of SMBHs is on the or-
der of 1010M (Natarajan & Treister 2009; King 2016;
Inayoshi & Haiman 2016; Pacucci et al. 2017). Next, if
we concern ourselves with UCDs, a non-negligible frac-
tion of stars are anticipated to exist within 10 pc, im-
plying that these galaxies might experience widespread
extinction-level events due to high UV doses from AGNs.
4.2. X-rays and gamma rays
We begin by observing that photons with wavelengths
λ < 170-200 nm are shielded by atmospheric water va-
por and carbon dioxide, respectively (Ranjan & Sasselov
2016). Therefore, when it comes to gamma-ray bursts
(GRBs) that emit high fluxes of X-rays and gamma rays,
the majority of photons are absorbed by planets with
Earth-like atmospheres (Melott & Thomas 2011). Con-
sequently, we have not modeled the effects of XUV radi-
ation since the majority of these photons are not antic-
ipated to directly reach the surface. Instead, their true
impact lies in promoting: (i) atmospheric escape (Balbi
& Tombesi 2017; Forbes & Loeb 2018; Wis locka et al.
2019), (ii) photolysis of atmospheric H2O leading to
the depletion of oceans (Forbes & Loeb 2018; Wis locka
et al. 2019), (iii) driving changes in atmospheric chem-
istry (Dartnell 2011). With regards to the latter, ozone
depletion and its accompanying ecological ramifications
are potentially prominent (Lingam & Loeb 2017b), if an
O3 layer exists in the first place. Detailed atmospheric
chemistry models must be employed in the future to
properly assess the ensuing biological impact of X-rays
and gamma rays emitted by AGNs.
It must be noted that the flux of X-rays received from
a hypothetical AGN in the Milky Way at the Earth
is on the order of 10−3 erg cm−2 s−1 after using Fig-
ure 1 of Vasudevan & Fabian (2009) and calculating
the flux along the lines of (7); our result is consistent
with Amaro-Seoane & Chen (2014). In contrast, the
7equivalent flux from GRBs at kpc distances is on the
order of 107 erg cm−2 s−1 (Thomas 2009), but the ef-
fects on marine biota are not predicted to be severe
(Neale & Thomas 2016), due to the much shorter dura-
tion of GRBs and the fact that these organisms are pro-
tected beneath liquid water. Likewise, based on GOES
data, the X-ray flux at the Earth from the quiescent
Sun is ∼ 10−4 erg cm−2 s−1,8 although it increases by
a few orders of magnitude during large flares (Benz
2017). Hence, with regards to X-rays, the effects on
Earth’s biota should be minimal, in agreement with
Clarke (1981).
5. CONCLUSION
In this paper, we examined some of the positive and
negative consequences of AGNs for life. With regards
to the former, we determined that AGNs are capable of
powering UV-mediated prebiotic reactions that lead to
the synthesis of biomolecular building blocks. We also
demonstrated that, because they emit substantial fluxes
of visible radiation, it opens the possibility of photosyn-
thesis being powered by AGNs. When it comes to the
adverse effects of UV radiation on biota, we found that
the significance of AGNs might have been overestimated.
In particular, we showed that the “zone” where the nega-
tive effects become dominant is apparently smaller than
the corresponding zones for powering prebiotic chem-
istry and photosynthesis, as seen from Figure 1; this
can also be verified by comparing (8) and (9) with (3)
and (6). An implicit caveat regarding our study is worth
reiterating: while we have endeavored to keep our treat-
ment as general as possible, some of the biological pa-
rameters employed herein were adopted from particular
species on Earth, thus implying that the ensuing results
are not guaranteed to hold true for other worlds.
Specializing to the case of a hypothetical AGN in the
Milky Way, we found that neither positive nor negative
phenomena are likely to matter at distances of & 1 kpc.
The zone for UV-induced extinction-level events extends
to ∼ 2-30 pc, whereas the equivalent zones for prebiotic
chemistry and photosynthesis are ∼ 44 pc and ∼ 340
pc, respectively. For galaxies with black holes on the or-
der of 104 to 105M (Chilingarian et al. 2018; Mezcua
et al. 2018; Graham et al. 2019), these zones could be
truncated at sub-pc scales; in comparison, note that the
Bondi radius for Sagittarius A* is around 0.04 pc (Yuan
& Narayan 2014). At sub-pc distances, planets may per-
haps be subject to complex interactions with the dusty
torus as well as strong outflows and winds from the ac-
cretion disc (Georganopoulos et al. 2016; Gravity Col-
laboration 2018; Blandford et al. 2018). Hence, close-in
planets and moons at . 1 pc might become uninhab-
itable from continual exposure to hot gas at relativistic
speeds. On the other hand, it is important to appreciate
8 https://www.swpc.noaa.gov/products/goes-x-ray-flux
that the distance of 1 pc does not necessarily represent
a “hard” cutoff, in view of the substantial heterogeneity
among active galaxies and the fact that our understand-
ing of their central regions is currently not definitive.
In broad terms, we found that there are two types
of galaxies where both positive and negative effects be-
come increasingly important. The first are galaxies with
anomalously large SMBHs that are orders of magnitude
more massive than Sagittarius A*, potentially reaching
values of 109−10M. In this case, the aforementioned
zones may even reach kiloparsec scales. The second cat-
egory corresponds to compact dwarf galaxies that are
characterized by their high stellar densities, provided
that they have active SMBHs. As a result, even if their
SMBHs are not very massive, their effective radii are
much smaller, in turn implying that a sizable fraction of
all their stars ought to fall within the above zones.
Our analysis of AGNs has focused exclusively on elec-
tromagnetic radiation thus far. We anticipate that find-
ing indirect electromagnetic signatures of past hypothet-
ical AGN activity on Earth are almost impossible in all
likelihood for two reasons. First, from the standpoint of
biological signatures (e.g., elevated extinction rates), we
have shown that the deleterious ramifications of a puta-
tive AGN on Earth’s biosphere were probably negligible,
implying that the accompanying signatures in the fossil
record would also be minimal. Second, high-energy elec-
tromagnetic radiation tends to leave comparatively few
direct traces in the geological record (Melott & Thomas
2011). The same conclusions may also apply to early
Mars, but certain aspects of its geological activity, at-
mospheric composition and climate are not well under-
stood (Wordsworth 2016; Ehlmann et al. 2016; Ramirez
& Craddock 2018; Dong et al. 2018; Kite 2019).
Future work should endeavor to accurately determine
the extent by which Galactic Cosmic Ray (GCR) fluxes
are amplified by AGNs, and consequently model the en-
suing biological ramifications. Doing so will enable us to
achieve progress in uncovering the activity of Sagittarius
A* in the past, thereby equipping us with another chan-
nel alongside conventional metrics such as X-ray echoes
(Ponti et al. 2013) and gamma-ray excesses a` la “Fermi
bubbles” (Petrovic´ et al. 2014). Estimating the increase
in GCR fluxes incident on Earth due to a hypothetical
AGN in the Milky Way is not a straightforward task be-
cause of ambiguities concerning the acceleration mecha-
nisms and spectra of high-energy particles (Krolik 1999)
as well as the putative role and significance of planetary
magnetic fields (Lingam 2019).
Consider the fiducial choice wherein the flux of GCRs
received by the Earth was doubled due to putative AGN
activity. It would probably cause nominal damage to
Earth’s biosphere because most species, including com-
plex multicellular organisms, are capable of withstand-
ing radiation dose rates a few times higher than the
background value (Kennedy 2014; Tang et al. 2016).
Large flares (& 1032 erg), in particular, transiently boost
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Figure 1. The distances at which AGNs enable prebiotic chemistry (dO), facilitates potential extinction events (dB) and
permits photosynthesis (dP ) are depicted as a function of the mass of the SMBH (MBH). The x-axis is truncated at 10
4M
because this value is quite close to some of the smaller central BHs known to date (Mezcua et al. 2018; Nguyen et al. 2019;
Graham et al. 2019), and at 1011M as SMBHs are not expected to exceed this theoretical limit at the current age of the
Universe (King 2016; Inayoshi & Haiman 2016; Pacucci et al. 2017). For Sagittarius A*, we obtain dO ≈ 44 pc, dB ≈ 2 pc and
dP ≈ 340 pc after selecting an Eddington factor close to unity. Top panel: the solid and dashed curves correspond to Eddington
factors of unity and 0.1, respectively; note that these two values are consistent with observational constraints that mostly favor
average Eddington factors of ∼ 0.1-1 (Marconi et al. 2004). Bottom panel: the dotted-dashed and dotted curves correspond to
Eddington factors of 10 and 0.01, respectively; these values are also consistent with observations and theory (see Section 2.1).
the number flux of energetic particles penetrating to the
surface by many orders of magnitude (Atri 2017; Lingam
et al. 2018), without necessarily causing large-scale ex-
tinctions of biota except perhaps in the most extreme
stellar proton events (Lingam & Loeb 2017b) accompa-
nying large superflares (Notsu et al. 2019).
A vital point with regards to the preceding issue of
GCR fluxes from AGN activity in our Galaxy merits
further explication. Measurements of cosmogenic iso-
topes, especially 14C and 10Be, from meteorites and lu-
nar rocks ostensibly enforce fairly stringent constraints
over long timescales: the variation in average GCR flux
has been within 10% over the past ∼ 106 yrs and less
than a factor of 1.5 during the past ∼ 109 yrs (Grieder
2001; Usoskin 2017). Therefore, either no AGN was
functional in the Milky Way during this period or the
enhancement in GCR fluxes at the Earth due to such
activity was smaller than the above values. In either
9scenario, the net effect on Earth’s biosphere might have
been marginal for the reasons elucidated earlier.
We are grateful to Abraham Loeb, Chelsea MacLeod,
and the reviewer for the insightful comments regard-
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